. Sodium pyrithione and zinc pyrithione (NaPT and ZnPT, respectively) are widely used as cosmetic preservatives and general antimicrobial agents. They have been shown to be active against fungal cell walls, associated membranes and bacterial transport processes. Investigations were undertaken into the effect of these antimicrobial agents on substrate catabolism and intracellular ATP levels using an oxygen electrode and luciferin-luciferase technology, respectively. Results indicate that, while both compounds are poor inhibitors of substrate catabolism, sub-inhibitory concentrations of biocide greatly reduces intracellular ATP levels in both Escherichia coli NCIMB 10000 and Pseudomonas aeruginosa NCIMB 10548. This is thought to be due to the action of NaPT and ZnPT on the Gram-negative bacterial membrane.
INTRODUCTION
Sodium pyrithione and zinc pyrithione (NaPT and ZnPT, respectively, Fig. 1 ) are the sodium salt and zinc chelate of 1-hydroxy-2-pyridinethiol (Shaw et al. 1950 ; Albert et al. 1956 ; Hyde and Nelson 1984) . Both NaPT and ZnPT have been shown to possess a wide spectrum of antimicrobial activity against fungal and bacterial species (Pansy et al. 1953 ; Albert et al. 1956 ; Hyde and Nelson 1984 ; Khattar et al. 1988) . They are widely used as cosmetic preservatives (Nelson and Hyde 1981 ; Hyde and Nelson 1984) and are incorporated as anti-dandruff agents in shampoos (Fredriksin and Feargeman 1983 ; Hyde and Nelson 1984) . They also possess excellent metal chelating properties and ZnPT is active as a metal complex (Davies 1985 ; Fenn and Alexander 1988) .
Previous work has suggested that this group of compounds is membrane active. This is indicated by the inhibition of uptake of several unrelated substrates in both bacteria and fungi (Chandler and Segel 1978; Friedman 1981; Khattar et al. 1988 ; Khattar and Salt 1993) and the observed depolarization of the transmembrane electrical potential in Neurospora crassa (Ermolayeva et al. 1995) . The effects of an antimicrobial agent on substrate transport and related metabolism may be used as indicators of the membrane activity of the test agent (Gilbert et al. 1991) . In turn, these effects may be reflected as a reduction in intracellular ATP levels (Harold Correspondence to : Dr Phillip J. Collier, School of Molecular and Life Sciences, University of Abertay Dundee, Bell Street, Dundee, DD1 1HG, .
© 1998 The Society for Applied Microbiology 1972). Regardless of substrate transport, a direct membrane effect by a biocide may decrease intracellular ATP levels via disruption of the transmembrane proton motive force (PMF) and related processes. This has been exhibited with several membrane active agents including fentichlor, PHMB, alexidine and chlorhexidine (Bloomfield 1974 ; Chopra et al. 1987 ; Chawner and Gilbert 1989) .
This study describes the activity of NaPT and ZnPT on substrate transport and catabolism in Escherichia coli NCIMB 10000 and Pseudomonas aeruginosa NCIMB 10548 and the effects of these agents on bacterial intracellular ATP levels at sub-inhibitory and minimal inhibitory concentrations (MIC).
MATERIALS AND METHODS

Organisms and chemicals
Stock cultures of Escherichia coli NCIMB 10000 and Pseudomonas aeruginosa NCIMB 10548 were obtained from the NCIMB and were incubated on nutrient agar (Oxoid CM3) slopes in the dark at 37°C. Unless otherwise stated, both organisms were grown in liquid culture in chemically defined media (CDM, medium no. 149, Pseudomonas media, 1994 NCIMB catalogue, replacing 0·5% succinic acid with 0·5% glycerol). Both NaPT and ZnPT were kind gifts from Zeneca Specialities (Manchester) ; all other reagents were purchased from Sigma. 
Minimal inhibitory concentration (MIC) estimation
Minimal inhibitory concentrations were estimated using the dilution tube and growth inhibition methods (Collier et al. 1990 ; Bloomfield 1991) . Sodium pyrithione concentrations used were 0-130 mg ml −1 in 10 mg ml −1 steps. Zinc pyrithione was applied at a lower concentration range of 0-20 mg ml −1 in 2 mg ml −1 intervals. Both MICs were obtained using CDM as the growth medium, which was inoculated with 0·25 ml of an overnight culture grown at 37°C in a shaking incubator (200 oscillations min −1 , Gallenkamp INA-305). An aliquot (0·75 ml) of biocide at a known concentration was applied to each dilution tube. The final volume of each tube was 10·0 ml. The tubes were incubated for 24 h at 37°C and MICs were estimated as the lowest concentration of biocide which exhibited no growth ( Table 1 ). The protocols described by Collier et al. (1990) were used to determine MIC by the growth inhibition method. In this experiment, biocides were applied at doubling concentrations ranging from 1 mg ml −1 to 128 mg ml −1 .
Preparation of washed cell suspensions
Overnight, liquid cultures of E. coli and Ps. aeruginosa were prepared in Nutrient broth (50 ml in 100 ml Erlenmeyer 
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flasks ; Oxoid CM1). These were incubated in a shaking incubator (200 oscillations min −1 ) at 37°C. Cells were harvested, in late exponential phase of growth, by centrifugation (4000 g, 10 min) at room temperature, washed twice, and resuspended in sterile Tris/HCl buffer (pH 7·2) at an absorbance (O.D. 470nm ) of 1·05.
Observation of the effects of NaPT and ZnPT on substrate catabolism
Catabolism over a range of substrate concentrations was monitored using a Clarke-Type oxygen electrode (Rank Bros, Cambridge, UK) and the method of Phillips-Jones and Rhodes-Roberts (1991). Michaelis-Menten kinetics were observed and the rate of substrate utilization by both Ps. aeruginosa and E. coli was calculated by replacing the Michaelis-Menten constant (K m ) with the cell saturation constant (K s ) (Michaelis and Menten 1913 ; Monod 1949) . The substrates used were glucose, pyruvate (sodium salt), acetate (sodium salt), proline, thymidine and uracil, and the K s values are given in Table 2 . The effects of NaPT and ZnPT on substrate catabolism were observed by adding known concentrations of biocide in a fixed volume (10 ml) to a double washed cell suspension (1 ml at O.D. 470nm 1·05 in Tris/HCl buffer) in an oxygen electrode metabolic chamber. The biocide exposed cell suspension was incubated at room tem- Glucose  750  190  Acetate  160  2660  Pyruvate  110  3330  Proline  590  45450  Thymidine  11·9  1250  Uracil  0·043  0·24  - 
-----------------------------------------------------
Pseudomonas aeruginosa Escherichia coli
Substrate (mmol l −1 ) ( m mol l −1 )
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perature (20°C) for 3 min prior to monitoring the endogenous rate of oxygen consumption. Various concentrations of NaPT and ZnPT, ranging from 0 mg ml −1 to their respective MIC levels, were used. After the 3 min incubation period, substrates were added at twice the concentration of K s to ensure substrate saturation. The subsequent rate of substrate catabolism was monitored via the decrease in oxygen concentration within the pre-calibrated metabolic chamber. The rates of reaction were calculated as the gradients of the oxygen depletion traces from these experiments repeated in triplicate. Gradients were calculated as a percentage of the control gradient (0 mg ml −1 biocide) and were plotted against biocide concentration. Results are given for the effect of sub-MIC levels of NaPT against Ps. aeruginosa (Fig. 2) , and are representative of results for both pyrithiones against both microorganisms.
Effect of NaPT and ZnPT on intracellular ATP levels
Intracellular ATP levels were assayed via the luciferin/ luciferase firefly extract system (Wishart 1984) . Light production was quantified using a luminometer (1250 Luminometer, BioOrbit, Finland) linked to a potentiometric chart recorder (Servogor 120, BBC Goerz Metrawatt, Austria) calibrated with 10 ml of 10 mmol l −1 ATP in 190 ml of deionized water.
Five sterile Ehrlenmeyer flasks (100 ml) containing 24·5 ml of sterile CDM were inoculated with 0·25 ml of overnight bacterial culture and were incubated in a shaking incubator (200 oscillations min −1 ) at 37°C. Aliquots (200 ml) of culture were removed at every hour for 6 h and assayed for ATP Fig. 2 The effect of sub-MIC levels of NaPT (mg ml content. Prior to removal and assay of the second hour sample, an aliquot (0·25 ml) of biocide was added to the flasks to give final biocide concentrations equivalent to 0, 20%, 40%, 60% and 80% of MIC. This was repeated for E. coli and Ps. aeruginosa using both NaPT and ZnPT. Results were calculated as pMol ATP ml −1 of cells. Results are given for sub-MIC levels of NaPT against E. coli (Fig. 3) and Ps. aeruginosa (Fig. 4) , and are representative of the results for ZnPT against both these micro-organisms. Fig. 3 The effect of sub-MIC levels of NaPT upon ATP levels (pMol ml 
RESULTS
Estimation of MIC values
Minimal inhibitory concentrations obtained for NaPT and ZnPT against E. coli and Ps. aeruginosa are shown in Table  1 . Results indicate that ZnPT has a greater inhibitory activity than NaPT, exhibiting MIC values of 13·0 mg ml −1 against Ps. aeruginosa and 4·5 mg ml −1 against E. coli in comparison to MIC values of 100 mg ml −1 for NaPT against Ps. aeruginosa and 120 mg ml −1 against E. coli. The difference in MIC for ZnPT against E. coli (4·5 mg ml −1 ) and Ps. aeruginosa (13·0 mg ml −1 ) indicates a marked Pseudomonas-gap (species differential in the spectrum of activity) for this biocide. Figure 2 shows the effects of NaPT on substrate catabolism in Ps. aeruginosa. Similar results were obtained against E. coli and for ZnPT against both organisms, but are not shown here. Figure 2 shows inhibition of substrate catabolism by NaPT against Ps. aeruginosa for five of the six substrates used. Thymidine exhibited the greatest susceptibility towards inhibition of catabolism, exhibiting 60% inhibition at NaPT concentrations 20 mg ml −1 . The other five substrates all exhibited similar levels of inhibition of between 20% and 40% of control levels. The substrates glucose, thymidine, uracil and proline, when exposed to NaPT concentrations in the range 80 mg ml −1 , exhibited substrate catabolism at rates which were greater than the previously observed inhibited rates for the same substrates.
Observation of the effects of NaPT and ZnPT on substrate catabolism
A general inhibition of between 20% and 40% of control levels was observed for four of the five substrates used when E. coli was exposed to NaPT. Uracil was the most sensitive system, with 60% inhibition for all concentrations between 20 mg ml −1 and 100 mg ml −1 . Escherichia coli exposed to NaPT concentrations in the range 100 mg ml −1 to 120 mg ml
exhibited increases in the rates of substrate catabolism with all of the six substrates used. Zinc pyrithione exposure against both organisms also exhibited increases in the rate of catabolism as biocide concentrations approached their respective MIC values.
Effect of NaPT and ZnPT on intracellular ATP levels
ATP levels in both E. coli and Ps. aeruginosa were significantly reduced on the addition of NaPT (Figs 3 and 4) and ZnPT. Figure 3 shows a marked decrease in the ATP concentration of E. coli (from 13 pmol l −1 ml −1 cells to between 0 and 3 pmol l −1 ml −1 cells at 5 hours) after the addition of all four sub-MIC levels of both biocides compared with the control. This difference between the control and biocide exposed groups of cells was observed even at the lowest concentration of biocide applied (20% of MIC). These results are directly comparable with those for Ps. aeruginosa which, when exposed to all biocide concentrations, exhibited a fall in ATP levels from 12 pmol l −1 ml −1 to between 4 and 6 pmol l −1 ml −1 cells at 5 hours (Fig. 4) .
DISCUSSION
The inhibition of substrate catabolism in E. coli reflects previously published data on the inhibition of thymidine uptake in cells of E. coli exposed to NaPT (2·5 mg ml −1 ) (Friedman 1981 ; Khattar et al. 1989 ; Khattar and Salt 1993) . The catabolism of uracil was not greatly inhibited by the presence of NaPT or ZnPT, even at concentrations of biocide approaching the MIC. This lack of inhibition or uracil catabolism is contradictory to the published findings of Khattar and Salt (1993) who reported the inhibition of uracil uptake to be greater than that observed for thymidine in Klebsiella pneumoniae and E. coli. However, the uptake mechanisms for uracil and thymidine are similar, both being dependent on the membrane-bound H ¦ /ATPase (Maloney 1987 ; Cronan et al. 1987 ; Neuhard and Nygaard 1987) . Therefore, it is either an intracellular catabolic effect of NaPT and ZnPT which is inducing the increased inhibition of thymidine catabolism reported here, or the cells of E. coli and Ps. aeruginosa more readily catabolise thymidine as opposed to uracil as a substrate. However, previous data reporting on the action of the pyrithione biocides would suggest that these antimicrobial agents are directly membrane active (Chandler and Segel 1978 ; Khattar and Salt 1993) , or that they affect the membrane-bound proteins (Ermolayeva et al. 1995) . The stimulation of catabolism observed here (Fig. 2) may result from the loss of intracellular metabolic control mechanisms via the breakdown of membrane-bound pH gradients, concentration gradients, transportases and ATPases induced by target organism exposure to the pyrithiones. While pyrimidines and purines are normally transported across the bacterial membrane by group translocation (Neidhardt et al. 1990) , the breakdown of pH gradients and other membrane-bound controlling processes could result in the passive diffusion of these compounds into the cytosol where they may be freely catabolized by intracellular enzymes (Konings 1977 ; Kristensen 1994) . This stimulation would suggest that the pyrithione biocides are membrane active against Gram-negative bacteria. The controlling processes for the transport of many substrates into bacterial cells are linked via the activity of transmembrane ATPases and are dependent on the pH and concentration gradients which drive ATP synthesis and oxidative phosphorylation. This study indicates that the intra-cellular bacterial concentrations of ATP decrease on the exposure of E. coli and Ps. aeruginosa to both NaPT and ZnPT (Figs 3 and 4) . This decrease in ATP may be due to the effect of the pyrithione biocides on substrate metabolism. However, only low levels of catabolic inhibition were observed (Fig. 2) and these would not account for such a marked decrease in ATP levels. It is possible that the decrease in intracellular ATP may be due to increased ATP consumption by biocide exposed cells in order to combat and repair biocide induced stress. This would suggest that ATP production within the biocide exposed cells is balanced by ATP hydrolysis required to counteract biocide damage. Therefore, at any single point, the ATP assay is exhibiting the presence of free ATP within the bacterial cell and only minimal concentrations of ATP are observed. The increased turnover in intracellular ATP may also account for the observed activation of substrate catabolism, which in turn would result in a feedback cycle causing an imbalance in intracellular ATP and cyclic AMP levels. However, this only explains the effect of NaPT and ZnPT on substrate catabolism and ATP levels at concentrations of biocide approaching the MIC, and points to a solely intracellular mode of action for the pyrithiones.
It is accepted that the disruption of membrane integrity and the subsequent loss of associated metabolic control result in decreases in intracellular ATP levels (Harold 1972 ; Konings 1977 ; Kristensen 1994) . It has also been reported that the pyrithione biocides are capable of reducing ATP levels in fungi coupled with membrane depolarization (Chandler and Segel 1978 ; Ermolayeva et al. 1995) . The effect of NaPT and ZnPT on intracellular ATP levels in both E. coli and Ps. aeruginosa may be a direct result of the membrane activity of these biocides. The disruption of membrane-bound oxidative phosphorylation processes (pH gradients, F 1 /F 0 ATPases etc.) would directly reduce the amount of ATP produced by a bacterial cell. This may also account for the effect of these biocides at such low concentrations on intracellular ATP levels in Gram-negative bacterial cells. Disruption of ATP production at the membrane would also require an increase in ATP production via substrate level phosphorylation in order to maintain sufficient levels of ATP to survive the effects of biocide presence. This may account for the observed constant low levels of ATP at various concentrations of biocide (Figs 3 and 4) and the observed increase in substrate catabolism by biocide exposed cells (Fig. 2) . The increase in substrate uptake and utilization at biocide concentrations approaching the MIC would generate more ATP by substrate level phosphorylation, while the overall intracellular content is reduced at any one point by the membrane effect of the pyrithiones. The poor inhibition of substrate catabolism by the pyrithiones may also be explained as a membrane effect. Therefore, as membrane integrity decreases due to action of these biocides, the amount of passive diffusion of substrate into the cell would increase.
